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Abstract
Important parameters for the determination of fluid transport in reservoir rocks are capillary pressures and relative permeabilities 
for the CO2/brine system. These factors influence the plume migration, residual CO2 trapping and CO2 dissolution in the 
reservoir brines. CO2-brine relative permeabilities for different rock types are rare in public literature and usually adapted from 
mathematical relations or from more recent experimental data. The experimental data vary greatly in saturation and relative 
permeability endpoints, between 10 and 100%. It is necessary to reduce the uncertainty in the data range, since these parameters 
are sensitive and indispensable for the numerical simulation of the evolution of a CO2 plume in the subsurface. 
The petrophysical properties of caprocks are the limiting factor to the amount of CO2 stored in potential storage sites. The 
caprock sealing capacity is determined by the capillary pressure (or column height) at which the trapped fluid starts leaking 
through a caprock. These rocks have high capillary threshold pressures, which, combined with wettability and interfacial tension 
(IFT) , determine the final column height that a seal can hold. Those three factors - capillary pressure, wettability and IFT - play 
an important role in the geological storage of CO2 in controlling the potential of CO2 moving through the seal. The capillary 
threshold pressures need to be determined accurately to estimate brine displacement in caprocks and hence the onset of viscous 
flow or leakage to the surface. 
Within the framework of the Carbon Capture Project (CCP3), we plan to establish standard experimental protocols with 
academic and/or commercial laboratories.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
The geological storage of carbon dioxide is considered as one of the options to mitigate climate change. Among the 
different storage options -depleted hydrocarbon reservoirs, deep coal seams, saline aquifers - deep saline aquifers 
* Corresponding author. Tel.: +31-(0)70-447-5899; fax: +31-(0)70-447-5974.
E-mail address: andreas.busch@shell.com
c⃝ 1 Published by Elsevier Ltd.
Energy Procedia 4 (2011) 6053–6060
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2011.02.610
Open access under CC BY-NC-ND license.
2 Author name / Energy Procedia 00 (2010) 000–000
appear to be the largest storage potential and attract increasing interest from the research community. In saline 
aquifers CO2 can be trapped structurally, by dissolution in formation waters, through capillary forces (residual 
trapping) or by mineralization reactions. These trapping parameters are directly influenced by the interaction of the 
reservoir rock or caprock formations with CO2 and brine in terms of CO2/water/rock interactions and fluid transport 
characteristics.
This paper focuses on two important laboratory measurements that are important for CO2 geological storage:
1. Relative CO2 permeability: Necessary for accurate prediction of plume migration, residual CO2 trapping 
and CO2 dissolution in the reservoir brines
2. CO2 capillary threshold pressure: Necessary to predict the amount of CO2 stored underneath the caprock 
(maximum CO2 column height)
It is concluded that standards for lab measurements for the above tests need to be defined (i) to establish reliable 
measurements for both CO2-brine relative permeability and CO2 capillary threshold pressure measurement that can 
be repeated under the same conditions in any lab and (ii) to enable a comparability of the data to accurately predict 
the well injection and fluid migration behaviour in the reservoir as well as the maximum gas column height that can 
be stored underneath a caprock.
2. CO2/brine relative permeability
In public literature only a handful scCO2-brine relative permeabilities for different rock types can be found and are 
usually adapted from mathematical relations [1, 2] or from more recent experimental data [3, 4]. The experimental 
data vary greatly in saturation and relative permeability endpoints, between 10 and 100%. It is necessary to reduce 
the uncertainty in the data range since these parameters are sensitive and indispensable for the numerical simulation 
of the evolution of a CO2 plume in the subsurface. 
Relative permeability measurements are inherently difficult for gas-liquid systems. In an ideal experiment, the core 
and fl uid flow are homogenous. In reality, heterogeneity is an inherent rock property issue and varies from one 
sedimentary deposit to another. The pressure drop across the sample should be large enough to make any capillary 
end effects, especially for the outlet side, negligible. But capillary end effects are always present, more or less 
pronounced, and have to be corrected for. 
The gas saturation should be a function of the average pressure across the core, defined as Pa=(Pi+Po)/2, where Pa is 
the average pressure, Pi the inlet pressure and Po the outlet pressure. In the real world though, gas saturation is 
subject to rock heterogeneity, gravitational forces, capillary effects, and viscous forces. Further it is assumed that the 
fl uids are immiscible and incompressible. But in the case of water and CO2, the fl uids are mutually soluble. 
Additionally C O2 is compressible. The measured data has to be corrected for both dissolution and fluid 
compressibility. It is therefore necessary to establish a standard lab test method where these effects are minimized or 
at least quantifiable. 
2.1 Experimental methods overview
The measurement of the relative permeability in the laboratory can usually be obtained by two principal techniques: 
steady state and unsteady state. Several factors impact fluid displacement experiments and have to be considered for 
data interpretation. 
1. Core homogeneity
2. Fluid saturation (fluids should flow through the entire core, not only parts)
3. Capillary end effect (the holdup of the preferentially wetting phase at the outlet of a porous medium 
during the simultaneous flow of two or more fluids)
4. Gravitational forces (gravity causes segregation of two fluids, depending on density difference)
5. Fluid solubility, compressibility, and diffusion
Most interpretation tools can correct the effects listed above, with the exception of rock homogeneity. This is often 
an issue because all natural samples, irrespective of origin, have a varying degree of heterogeneity. This effect may 
result in incomplete fluid saturation of the core and incorrect falsifi es data representation. Capillary end effects 
occur at the both ends of the core plug, where the capillary pressure abruptly changes between rock and the 
inlet/outlet interface. The design of the fluid inlet and outlet can help to mitigate the end effects. However, capillary 
end effects can never be entirely prevented and have to be corrected for. Gravitational forces can interfere with the 
measurement, if the measurement set up is not aligned with the gravity axis of the earth, meaning vertical.
In general, relative permeability and capillary pressure interfere with each other during the experiments. Hence, 
corrections have to be made. Numerical simulation tools can evaluate both factors in parallel. Several simulation 
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runs and data sets are required, since one simulation cannot produce a unique solution from a single data set. The 
two unresolved issues in regard to CO2-brine flooding experiments are the wettability and rock alteration due to the 
reactive nature of aqueous CO2 systems. 
Most experimental set ups consist of a Hassler–type core holder with a pressurized sleeve to exert confining 
pressure. The cylindrical cores are capped with porous disks at both ends to provide a mixed and evenly distributed 
fl ow. Fluid flows axially through the core, entering at the inlet and exiting at the outlet. Most tests start with the core 
sample at 100% saturation of the wetting phase (drainage experiment, Figure 1). The outlet is usually maintained at 
a constant pressure, using a backpressure regulator. The fluid flow and pressure are controlled by pumps, and the 
temperature has to be maintained constant.
The fluid saturations are measured during the displacement. The traditional methods average the saturation on the 
core face and provide a saturation of each fluid. Examples for traditional methods:
! Volumetrically, where the volume of fluids in vs. fluids out are compared 
! Weighing the core, knowing the fluid densities of both fluid phases
The advanced methods utilize continuous techniques, where the fluid saturation profile is recorded along the core 
axis during the displacement. Examples for advanced techniques:
! Electric resistance method, where electrodes are inserted in the test section, and the resistivities of the 
different fluids have to be known 
! X-ray CT scans, where the accuracy depends on the contrast in absorption by the two fluids, e.g. the non-
wetting fluid CO2 is less absorbing than the wetting fluid (brine). Depending on the set up and type of CT-
scan, the images can be resolved in 3D high resolution microtomography. 
Figure 1. Schematic drawing of a steady state set up (graph on the left) and an unsteady sate experiment (graph on the right).
Steady state technique
The steady-state method can be described as driving a fixed ratio of two phases at constant rate through a porous 
medium until the saturation and the differential pressure along the sample become constant and the produced ratio 
equals the injected ratio [5].
To obtain relative permeability curves, the injection ratio of CO2 to brine is repeatedly changed. At each injection 
ratio the fluids are flowing until the system is in a steady state mode. The saturation at each injection ratio is 
measured. The injection ratio is varied until a complete relative permeability curve is obtained [5]. The differential 
pressure and fluid production data are used to derive relative permeability curves by numerical modelling. The 
saturation profiles have to be known for numerical modelling, which can only be established by method 1 and 4 in 
list above. As mentioned, all steady state methods need to be corrected for the capillary end effects, when capillary 
forces at the outlet retain an artificially high saturation of the expelled phase. The capillary end effect can be strong 
in gas-water drainage experiments and reduces the saturation range due to apparent high residual water saturations.
Usually Steady State experiments require a long time for flow stabilization, depending on the sample rock 
properties.
Unsteady state technique
In the unsteady state method only one fluid phase is displaced from the core by injecting another fluid (Figure 1). 
Both, the wetting and non-wetting fluid will exit the core (Figure 1). Contrary to the steady-state techniques, flow 
and pressure stabilization are not required, thus unsteady state experiments have a shorter duration [5].
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The ratio of gas vs. water is derived from the cumulative gas injected over time and cumulative water produced over 
time. The pressure and saturation transients are usually analyzed by numerical modelling to determine the relative 
permeability. If Pc can be neglected, one can assume Buckley-Leverett displacement and the interpretation can be 
done by an analytical solution. In reality, Pc cannot be neglected, and is imperative for a correct interpretation from 
simulations. Unsteady-state techniques are particularly sensitive to heterogeneity; hence the necessity to monitor the 
fl uid saturation with e.g. CT scans. Solutions have been proposed to overcome this issue [6]. Similarly, unsteady 
state methods need to be corrected for capillary end effects. 
2.2. Data comparison
Two steady-state and two unsteady-state studies have been reviewed at temperatures ranging from 50 to 75°C and
pressures from 9.6 to 27 MPa. Typical reservoir rocks were tested (sandstones and carbonates). The summary of the 
experiments is given in Table 1. 
In general, low relative permeabilities are observed for CO2, with the exception of the results reported by Chalbaud 
and Egermann [3, 7]. The relative permeability of brine is higher. Especially in secondary imbibition brine seems to 
effectively “trap” CO2 resulting in flow restrictions. The low kr endpoints indicate rock heterogeneity and gravity 
segregation. The saturation profile in Perrin et al. [8] shows heterogeneity during CO2 flooding. The work of 
Chalbaud and Egermann [3, 7] did not present saturation measurements, therefore it is difficult to judge whether 
rock heterogeneity or experimental issues like capillary end effects caused low kr.
Table 1. Comparison of various relative permeability experiments.
[8] [9] [3, 7] [10]
Method steady-state unsteady-state unsteady-state steady-state
Rock type sandst.: Berea/Warre C sandstones and 
carbonates (11)
dolomite dolomite
T (°C) 63/50 35-75 60 71
P (MPa) 12.4 8.6-27 10 9.65
S (mg/g) 10/6 NaCl 27.1-248 5 NaCl 20 CaCl2
k (mD) 430/50 0.3-67 (brine) 4 24 (brine)
Kr CO2 (fraction) 0.6@0.44 Sw / 
0.1@0.57 Sw
0.07@0.48 Sw –
0.54@0.29 Sw
1@0.2 Sw 0.28@0.16 Sg
Kr brine (fraction) 0.5@0.9 Sw / 0.5@0.95
Sw
0.27@0.75 Sw –
0.9@0.9 Sw
0@0.25 Sw 0.36@0.36 Sw
Remarks Berea Kr flow-rate 
dependent
only 4 imbibition tests 
for brine
measurements started at 
100% brine saturation
three-phase flow 
experiment: 
CO2/brine/oil
Experimental difficulties have been observed when replacing the entire brine volume in the core plug. This may be 
attributed to viscous fingering of the less viscous gas phase into the more viscous brine phase. Viscous fingering 
leads to quick gas breakthrough, without the gas ever reaching all parts of the core plug. In addition, gravity affects 
the experiments in segregating the gas and brine phase in horizontal setups. CO2 is more buoyant that brine and 
tends to flow to the top of the core plug, leading to incomplete brine displacement. 
In most studies CO2 was equilibrated with brine to avoid artefacts due to solubility effects. Chalbaud and Egermann 
[3, 7] used unsaturated brine and modelled the solubility effects to correctly interpret the relative permeability 
results. 
A comparison of N2/brine and CO2/brine relative permeabilities is difficult; it appears that the differing phase
properties like interfacial tension (IFT) result in different relative permeabilities. CO2 has a 2.5 times lower 
interfacial tension with the same substrate than N2. The capillary pressure is similarly related, the capillary threshold 
pressures are about 2.5 times lower than for N2. 
Due to the difficulties to compare the acquired data by provided documentation, the data remains inconclusive in 
terms of the preferences towards steady state or unsteady state set up. Both set ups seem to suffer experimental 
drawbacks or inconclusive interpretation as elaborated in above paragraphs.   
There is a need for accurate, repeatable and reliable measurements. Laboratory measurements have to be ascertained 
that are standardized and comparable. The recommendations are as follows:
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1. Establish first the appropriate measurement protocol with a core material that (i) will not alter during the 
core flood due to the corrosive nature of carbonic acid and (ii) is homogenous, before measuring real core 
material of a potential storage formation. The usage of a clean and homogenous quartz sandstone or 
artificial core plug like sintered ceramics or glass would be beneficial. 
2. Confirm homogeneity of core material with X-ray CT scan and/or NMR methods.
3. Set up experimental equipment in a fashion that allows continuous X-ray CT scan to monitor the saturation 
profile while flooding.
4. Set up the equipment in such a way that gravitational forces are eliminated (e.g vertical orientation or short 
measurement time)
5. Maintain the same parameter space. For example, use the same temperature, pressure, brine composition, 
CO2 saturation, fluid velocity, fluid fractions, etc. to compare different core materials.
6. Monitor and if possible quantify changes in porosity and permeability distribution throughout the core due 
to reactive flow by repetitive measurements on the very same sample.
7. Measure and consider potential mass transfer during the interpretation of results (i.e. solubility, diffusion). 
These recommendations are geared towards improving measurements on CO2-brine flow experiments by 
minimizing additional errors introduced by fluid-rock interaction and the resulting permeability, porosity, and 
wettability alteration. This has to be factored in the experimental procedure and interpretation. Once the 
experimental protocol has been verified on “ homogenous” samples (e.g. Berea), the procedure can be applied to 
“real” heterogeneous rock samples with reasonable confidence.
3. CO2 capillary threshold pressures of caprocks
The petrophysical properties of caprocks are the limiting factor to the amount of CO2 stored in potential geo-
sequestration sites. Characterization of regional caprocks requires an understanding of its sealing capacity,
determined by the minimum capillary pressure (or minimum CO2 column height) at which the trapped fluid starts 
entering the caprock pore space. Shales and other tight rocks have low permeabilities and narrow pore diameters and 
hence high capillary threshold pressures. These capillary threshold pressures (Pc) are determined by a combination 
of interfacial t ension (IFT, ∀) wetting angle # and pore throat radius r and determine the final column height that a 
seal can hold:
   = −
 ∙ ∙    
 
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ℎ    =
  
(           )∙ 
(2)
where hmax is the maximum CO2 column height that can be stored underneath a caprock before capillary entry 
occurs, ∃brine and ∃CO2 are the brine and CO2 fluid densities respectively and g is the acceleration force.
Due to its significance, capillary threshold pressures need to be determined accurately to estimate brine 
displacement in caprocks and hence the onset of viscous flow or leakage to the surface. More details are provided in 
earlier studies [11, 12].
It is common practice to determine Pc from recalculating mercury porosimetry data (Hg/air) to a gas or oil/brine 
systems by knowing the interfacial tension and contact angle of gas/oil displacing water in water-saturated and 
water-wet shales. For hydrocarbons especially, the contact angle is usually assumed to be constant (independent of 
reservoir conditions). However, this is not the case for carbon dioxide: In recent years more experimental data 
became available that showed strong dependence of pressure, temperature and brine salinity on contact angles and 
interfacial tension. A number of datasets published by a selection of authors [13-16] leads to a range of maximum 
CO2 gas column heights that can be stored underneath a caprock (up to 100%).
A direct way to determine threshold pressures is by direct measurement under in-situ conditions in the laboratory. 
Here, ad-/disadvantages for the different methods are reported, showing that there is no “silver-bullet” approach to 
measure accurately the capillary threshold pressure.
It is concluded in this study that general guidelines for lab measurements need to be defined to be able to explain 
these complex measurements and to accurately predict maximum safe CO2 gas column heights underneath a sealing 
formation.
3.1. Experimental Methods
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All methods to determine capillary threshold pressures (Pc) are similar in the experimental setup. It consists of a 
triaxial arrangement with axial and confining stress options. The cylindrical sample plug is situated in a core holder 
with porous disks at the bottom and the topic of the sample Figure 2. The disk ensures uniform distribution of the 
gas phase on the sample surface. The triaxial setup is usually in a temperature controlled air cabinet, in a water bath 
or the cell is surrounded by a heating jacket to ensure constant temperature conditions. Pressure and/or fluid flow 
rates are controlled by a syringe pump and determined by high-accuracy pressure transducers at the top and bottom 
of the sample. Before applying gas pressure on the high pressure side of the sample water saturation is assured and 
brine permeability is determined.
Figure 2. Simplified experimental setup to determine capillary threshold pressure on caprocks.
Step-by-step approach [17, 18]
The standard approach for measuring Pc values consists of a step-by-step increase of the non-wetting phase (e.g. 
CO2) pressure at the inlet or high pressure side of the core plug. This approach can be conducted under in-situ 
conditions and is also very simple to interpret since it relies on the definition of the capillary threshold pressure. 
Once the gas phase enters the water-filled capillary network, CO2 pressure decreases along with the flow rate. The 
inlet pressure is increased step-by-step until gas threshold is observed. The flow is controlled by using a pump in 
regulated pressure mode and connected at the outlet.
The Continuous Injection Approach [19]
The non-wetting fluid is injected in small and continuous quantities. This leads to a continuous pressure increase at 
the inlet until Pc is exceeded and two-phase flow is initiated by CO2 entering the sample. If the sample material is 
heterogeneous, the pressure evolution with time may fluctuate that relate to variations of the Pc values throughout 
the length scale of the sample. A further limitation is the assumption that the viscous gradient in the water phase is 
negligible when a very small rate is used and can significantly overestimate the threshold pressure [11].
The Residual Capillary Pressure Approach [12, 20]
One advantage of this method is related to experiment duration. Here the inlet pressure is chosen higher than the 
expected threshold pressure. A transient flow is established over the water-saturated sample and pressure changes in 
the inlet (P1) and outlet (P2) pressure vessels are recorded over time. After flow is est ablished, P1 decreases while at 
the same time P2 increases. When the pressure difference between P1 and P2 is close to the threshold pressure Pc
(residual capillary pressure or “snap-off pressure”) of the largest interconnecting capillary, water re-imbibes back 
into the sample, disabling gas transport through the sample.
The dynamic threshold Pc approach [11]
In this approach CO2 is injected into the water saturated sample with a constant %P that is higher than the expected 
threshold Pc value. Initially, water is displaced from the inlet part and the flux can be detected at the outlet. As soon 
as the non-wetting fluid arrives at the inlet face of the core, a significant decrease of the slope (brine flow rate) is 
recorded due to the capillary pressure jump at the non-wetting phase front. This jump is related to the onset of two-
phase flow.
Table 2. Ad-/disadvantages of different methods to measure threshold pressures (based and modified after 
Egermann et al. [11]). 
Mercury pro available, cheap, commonly used
Pump or 
gas bottle 
for fluid 
supply
to determine 
brine flow rate
controlled temperature and stress conditions
sample
(water-filled) porous disk
inlet/ outlet volume
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porosimetry contra CO2/water IFT and contact angle data needed to convert from Hg/air; sample drying may damage shale structure
Standard
pro good accuracy of threshold pressure (primary drainage); standard 
approach with certain availability
contra long durations involving small pressure steps; risk of over-estimating 
threshold pressure
Continuous injection
pro fast procedure, can be accurate for homogeneous samples
contra
provide several threshold pressures for heterogeneous samples; 
might lead to over-estimation of threshold pressures
Residual
pro
fast procedure that requires one pressure fall-off test to determine 
threshold pressure
contra
threshold pressures recorded on the imbibition path that provide an 
underestimation of threshold pressures
Dynamic
pro good accuracy, heterogeneities can be accounted for
contra values can be overestimated since pressures applied are higher than 
threshold pressure, relatively long time scales
4 Conclusions
A literature review of published special CO2 flow studies (i.e. CO2-brine relative permeability and seal capillary 
threshold pressure) was conducted to identify the most reliable laboratory techniques for application within the oil 
industry. The comparative study indicates that issues consistently present in every published experiment prevent 
accurate measurements, resulting in incomplete or misrepresentative data with limited application. Relative 
permeability data on reservoir rocks and capillary threshold pressures on (shaly) caprocks are of critical importance 
to determine the efficiency and integrity of C O2 sequestration projects. Accurate and representative laboratory 
techniques are essential to correctly assess these parameters for commercial application of geological C O2
sequestration. 
The Carbon Capture Project (CCP) is a JIP that endeavours to address technological gaps with an aim to accelerate 
the commercial deployment of geological CO2 sequestration. The JIP group is currently tasked with identifying and 
standardising the above described measurements. A workshop conducted in 2010 consisting of member company
experts produced a protocol and experimental design requirements that will be tested at commercial and academic
laboratories during 2011 and 2012.
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